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NALA-Lewls Research Center U investigating a 
variety of fan-stages applicable for short-hgul 
aircraft, There iw«gni ure-retio fl# 

stages may require variable-pitch rotor t in mi to 
provide optimum parforman <* Tor the varied I'll, lit 
demands and for thrust reversal on lanJlng. A num- 
ber of the aerodynamic and structural compromises 
relating to the variable-pitch rotor blades will be 
discussed. This paper will present the aerodynamic 
performance of two variable-pitch fan stage* oper- 
ated et several rotor blade setting ancle, for both 
forward and reverse flow application, letalled 
radial survey: are presented for both forward and 
reverse flow, 

HfTHOLUCT IO.N 

The National Aeronautics and bpace Admin*, tra- 
tlon in a coordinated effort with Industry 1* in- 
vestigating engines for powe<ed-lirt short-haul 
commercial aircraft application. In powore 1-11 ft 
systems, ti.e engine thrust is used to assl . ' the 
wing in producing the required lift for take-off 
from relatively short runways. The shorter runway 
capability requires aircraft with higher thru vt 
engines and this ordinarily would mean nolsiei air- 
craft. However, there is a requirement that all 
future aircraft be quletor than the present ones, 

A high bypass ratio engine offers the potential 
for a qulei jowered-lift aircraft: The engine noise 

Is relatively Ijvj the .let velocity Is modsrnte 
which results in reduce l wing noise; and the ex- 
haust temperature is low enough to be compatible 
with light-weight low-cost structural materials. 

In a high bypass ratio engine, the fan flow la 
large compare f to that for the core compressor. 

The powerei-llft engines must also be capable 
of reversing the thrust after landing. The conven- 
tional engine thrust reverser consist s of a voe- 
shaped target or a cascade of vanes mounted et the 
exhaust of the core to turn in the forward direc- 
tion. For the high bypass ratio engines, large 
weight penalties could result if the cascade of 
vanes had to be added to the bypass duct to obtain 
the necessary reverse thrust for the short runways. 

A lighter-weight more-efficient method of reversing 
the thrust would be to use variable-pitch rotor 
blades similar to the reverse-pit h propeller. The 
air would be pulled from the rear of the engine and 
exhausted out of the nacelle inlet. Havlr.r incor- 
porated the variable-pitch capability for reverse 
flow, It con be used to obtain optimum rotor blade 
setting angles for all engine operating conditions 
including tame -off, cruise, and approach. 

The Lewis Research Center has investigated a 
variet. of fan stages for powered-lift engine appli- 
cation refs, 1 to 10). There were two variable- 
pitch fan stages in the Lewis program. The design 
and performance of these two fans will be discussed 
in this paper. Both of the bl-centlmeter diameter 
experimental fan stages incorporated provisions for 
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Tests were obtained at several angles to obtain 
both r orwur l and reverse flew, leta.le ' flow sur- 
veys of pressure, flow angle, and temperature were 
obtained at each setting angle, 

■uii. .gi-UMUaU Mii lAhumt-miai ims 

There are several design constraints which 
have to be oust dared in the design of variable- 
h fans. In addition to the requirements for 
high efficiency, adequate stall margin, and low 
noise which must also be mat by fixed pitch fane, 
the variable-pitch fan must consider the following 
items i 

1. Blade solidity. There are two possible 
methods for obtaining reverse flow through the fan 
as illustrated in figure 1. Obtaining reverse flow 
through flat ; itch (fig. 1(b)) requires that the 
blade solidity be less than unity so that adjacent 
blades ray rotate past each other without mschani- 

ol interference. In this case the blade turns 
.-uch that the design leading edge of tie blade is 
still tie leading edge, but 'he blade camber Is 
reversed with respect to the direction of flow and 
rotation, lor operation through feather pitch 
(fig. 1(c)), the blade solidity can be greater than 
unity, in this coco, the rotor trailing edge be- 
comes tie leading edge and the rotor blade camber 
remains proper with respect to the direction of 
flow and rotation, 

2 . Bladt number. Since the fans will have rel- 
atively high flow compared to the core engine flow 
and therefore a low hub-tip radius ratio, the num- 
ber of blades must be small (10 to 20) to accom- 
modate a variable-pitch control mechanism. Unless 
the blades are flared in the tip region, the small 
blade number and low solidity results in in suf fi- 
le nt blade chord to properly turn the flow and add 

the required energy. 

3. Blade tip clearance. To allow the blades 
to turn, the rotor blade tip contour will basically 
be a circular arc shape. Thus the blade tip clear- 
ance will be minimum at the radial axis of blade 
rotation and considerably greater at the leading 
and trailing edges. Although not used with the 
present designs, a method for reducing the tip 
clearance at the leading and trailing edges would 
be to reshape the casing above the rotor tip to 
match the blade tip* contour. 

4. blade thickness. Tie hub section of the 
blades may have to be thicker than would normally 
be desired. Since the low hub-tip radius ratio 
blades ore adjustable, no pert-span vibration dam- 
pers can be used. Thus relatively thicker hub sec- 
tloni are required to accommodate the blade 
stresses. 

AiTARAi "S ALL M .'h JRE 

Test .daves 

The aerodynamic design of the test stages is 
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presented to re.-erefices t end • , ihus only ft briar 
description of each stago L« given heroin. low 
paths l‘or both .tages are presented in l -1 -ure and 
photographs or the rotors and stators are presumed 
In figure . 

Stage ttt (re:. : -ned fjr a prsssure 

ratio or 1.1 at a tip steed j! 245 motors )«r sou- 
omi and a flow or 26. u kilogram* i«r .»cond 
(17t,6 Kg'sec/s t or annulus arcn). .'tie rotor blade 
solidity varied from O.f.5 at the tip to 0. ; , o a< U,e 
hub so thv reverse flow couli be ottal riel through 
bctl. flat and leather pitch, im rotyr ! od i: 

52 sv"ar blades v ere .-pace l two rotor tip chords 
downstr am of the rotor. 80 th tlie rotor and 61 
blades uiUi/ed .lar*ar (lade proliles. 

Com tesl^n blade element parameter.! for hot or . lit 
are pre sente in table I(a’, 

Ite^i l>i ( ref. 1 ) was designed Tor a pressure 
ratio of 1.20 at a tip speed of (U radars |«r 
second and a flow of 51,2 kilograms per aeon! 

sr- of aiuiulu. UM) . Tho rot .-r M 
lb blades with a M - t I of 0, II . The 

rotor blade solidity varied from 0.09 at vhc tip to 
1.22 at the hub. Since the hub solidity was 
greater than unity, reverse (low couli only bo Jt* 
talned with rotation through feather pitch. This 
rotor also utilized double -circular -arc blade pro- 
files. A lew of the design biadn-element param- 
eters for Kotor 65 arc listed in table l(b). The 
11 stator blades used ;iA2A-40u -series airfoils 
(ref. 11 ). 

both stager were designed with adjustable 
rotor blades. The convention of blade setting 
angle Is Illustrated In figure 1 . ? or forward now 

(fig. 1 (a)), tha flow enters the rotor and exits 
through the stator. blade sotting -ingles ire meas- 
ured from the design setting angle and ore positive 
when the leading edge Is turned toward the llrec- 
tlon of rotor rotation, for reverse flow (figs, 

1 (b) and (c), the stator becomes an Inlet guide 
vane, . uming the blades through feather means the 
bluaes move in the negative lire tloni tur.-.ln, the 
blades through flat pitch corresponds to tlte posi- 
tive direction, 

a c .1 , 

The fan stages were tested in the Lewis 
Slngle-2 tage .’empressor oct re illty. A chematlc 
diagram of the facility is shown in figure 4. for 
the forward flow tests, atmospheric air enters the 
test facility at an inlet locale 1 on the roof of 
the building, flows through the orifice, and into 
the plenum hamber up.-tream of the test sta,e. lie 
air then passes through the experimental stage into 
the collector and is exhausted to the facility ex- 
haust system. Flow rate was varied by controlling 
the ollector throttle valve. 

for the reverse flow tests, tl.e two 90-degree 
elbows were removed from the sides or the cylindri- 
cal collector. Air war drawn from the room into 
the collector and traveled the reverse direction to 
the inlet on the roof. Flow rate was varied by 
controlling the inlet throttle valve, .ho oalle - 
tor valve was rully open for the reverse flow tests. 

instrumentation 

Kadlal rurveys of tFae flow were made at three 


iwiol stations for each stage ( see rig, 2), At 
Oft cl naesuring .. tatlon, two .anblnatiori probes and 
two 1° *wdge probes wort used (fig, 6) . Each probe 
vis positioned with a null -balancing, 'treas- 
ure liutial sens 1 tl.e control system that automati- 
cally aline J the probe 1 'he direction of the 
(low. .lie total pressure, total temperature, and 
flow angle w< re determined using the combination 
pr 'be (ri . .(a > u .i -he static pressure was rra*- 
• red by the wed. c pr <1 (fig, (l);. 

electronic .. :ee 1 counter, in conjunction 
with a magnetic pickup, was used to measure rota- 
tive speed. 1 low rate was determined from a cali- 
brated orifice. 

_c — sc • ■’ ■ M 

The overall stage performance fur both stages 
will lie presented first for forward flow and with 
‘lie rotor blades at the design setting angle. The 
effect of changes in rotor setting angle on the 
forward flow performance is presented, five roil 
performance and ra Ual distributions of performance 
are discussed. The effects of blade setting angle 
on reverse now performance arid values of calcu- 
lated thrui-t are preec.itec, 

f..ii g- a. 

The overall tage performance for both stages 
are presented for forward flow anJ the rotor blades 
at design netting angle in Mi-urs r . FTesr ire 
ratio and adiabatlo efficiency are ; resented as 
functions of equivalent airflow for speeds from 60 
percent ot dstifl, Die -design point is 
shown as tha solid symbol. For both stages, the 
measured pressure ratio was less than the design 
value. Peak efficiency decreased with increasing 
speed for both stages. At design flow and speed, 
the efficiency for stags SIB Is 0.68, F*ak efil- 
clency is 0.92 at daslgn spaed and occurs at * 
greater than design Ha-. For stage 2 , peak effi- 
ciency is 0.67 at design speed and occurs at less 
than design flow. 

t- f.'ect : i-da-ie Let- l:., le ... 1 ■r.-i.n 
. 1 w ierformance 

The effect of rotor blade setting angle on the 
overall stage performance Is presented In figure 7 
for deal idi speed and forward flow conditions. For 
both stages, the rotor blades were reset at both 
positive and negative angles from the design set- 

angle. Turning the blades to a more positive 
angle tends to close the blade passages and reduce 
the flow whereas u negative setting angle opens the 
blade passes* and increases airflow. As the rotor 
blades were opened (going from positive to negative 
angles), the overall pressure ratio increased and 
tlic peak efficiency decreased for both stages. 

These effects arc present across the entire blade 
span as illustrated in figure 6. Rotor pressure 
ratio and adiabatic efficiency are plotted as a 
function of per rent span from tip for the three 
blade netting angles. For each setting angle, the 
data for the test point which gave peak efficiency 
at design speed ore plotted. At each percent-span 
location, the pres - ire ratio increased with de- 
creasing retting angle. Efficiency decreased 
with decreasing retting angle. 
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Flow )erf>rr*i c* 

Typical overall performance Tor the ata.es 
operating with re art* flaw » presented in r - 
i ire 9. fhe settlin' angles presented war* obtain* > 
by rotating too blades throw!; aether pit h. i or 
both ct liras, uta nra presentee or 00 . HO, ami 
100 tercent of design spaa i, I or the ravers* How, 
tha [ res sure ratio is that from station to sta- 
tion 1 (so* tig. ). In reverse operation, tn* 
stage demonstrates tho Sana trends o' mere os life 
flow and pressure ratio with Increasing £,|«;*d as 
with I'orwai I .1 M, Although tho prase ura i-atlo is 
approximately II* same as tha de~ 1 ,7; value with 
forward flow, tie airflow Is approximately bail' the 
design slue. 

A comparison of tho outlet pressure ilotrlbu- 
tion for forward and reverse flows Is give In 
figure 10 for o', a,* Although the overall pre - 
sure ratio was approximately tlxa sure for totli 
flows, tlio radial distributions of downstre un total 
pressure are quite different, for the lorvar i flow, 
the pressure gradually dec-eases toward lie hub. 
for the reverse flow, total pressure locreaaos 
rapidly from the tip to the 70-percent span and 
then Is essentially equal to the static pressure 
from t lie re to the hub, Ihe equal total or static 
pressures in tlie hut region of the rotor indicate 
negligible vel . 1 ly or llow. or tho rrvero* flow 
catting angle the blade profile In U* nut region 
was approximately perpendicular to he axial direc- 
tion. This blade orientation tends to block flow, 
for all reverse flow conditions, the hub rc^on ha . 
essentially no flow. The extent of the affected 
region was dependent on tlie setting angle. 

hffect of Blade Betti:..: '•mue ; Lj-h-L 

One purpo se ol' tl* variable -pitch rotor blade 
Is to provide the optimum performance for tlua 
various operation requirements including take-off, 
cruise, ipproach, and reverse thrust. The effect 
of rotor blade netting angle on tlie maximum .olcu- 
lated thrust at design spec i is .shown * , figure 11 
for both stages in the test model size, Since the 
shape of the curve was unkm-vti between the josltlve 
and negative thrust points, a lurried line was used 
to connect these groups of points, for tho forward 
flow setting angles tented, thrust Increase i with 
decrease in angle. 


II* hl-cent Isieter diameter fans were tested at 
clan* setting angl< » which produced forward flow 
>.i re cr.c flow, ..at is factory performance was ob- 
tailed with Loth of these fans. .1* pressure ratio 
lor reverse (low was approximately tl* same as that 
ror forwan ilowj nuwever, the airflow «at about 
one-half t he forward airflow, 

it was found that a lequala reverse • hrusl 
(more tha ■'« par ent of the rorvard design thrust) 
can be obtained with varlable-i diet rotors. Be- 
vet o tlcw ’ valuer obtained for blade rotation 
through fanner were much higher than those ot- 

■ i g tefe, i his wes 

attributed to tlie reverse blade oncer for rotation 
threupi Radiol surveys or pressure 

with reverse fl % UidUateu little or a) n V In 
'.lie inner third ci tin exit pas sac*. 
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Reverse flow was obtained for stage IB both 
by Increasing setting’ angle (rotating through flat 
pitch) and by decreasing settle angle (through 
feather pitch). For stage reverse tiirust was 
obtained through feather only (decrease angle). 

The calculated negative thrust values obtained 
through feather were rr.ore than double those ob- 
tained thr on'li flat pitch. This is proeubly due to 
the reverse tlade camber when tho blades are turned 
through flat pitch. For stage 5l£. them: ap;ears 
to be an optimum setting angle Tor axlmum reverse 
thrust. At tho setting angle of design minus :• ■.°, 
the reverse thrust value was the largest, for both 
stages, reverse thrust values greater than iti i«r- 
cent of the design forward llow values were ob- 
tained. 




The aerodynamic performance for two fan stu.es 
having variable-pitch rotors has been presented. 
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ROTATION 

(Cl REVERSE FLOW BY ROTATION THROUGH FEATHER PITCH. 
Figure L - Blade orientation. 
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Figure 2. - flow paths showing Instrumentation 
locations. 
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<DI STAGE V>. 
figure 3. - Concluded. 
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for miner Design speed; forward flow. 
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Figure 8. Effort of blade setting angle on radial dlstrliutlon of 

performance. Design speed; forward Mow. 
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t|<)urt 11. - Effect of blade vetting angle on thrust. Design speed. 
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